The effect of a finite patch on flow and bed morphology in the open channel was investigated using laboratory experiment. Two flow conditions, which were below and above the threshold of sediment motion, were considered with various configurations. For flows below the threshold of sediment motion (case 1), the erosion took place primarily opposite the patch and near the leading edge, whereas for the other condition (case 2), sediment deposition was observed within and near the patch due to reduction of shear stress, which was strongly influenced by the flow blockage. For case 1, the degree of scouring depth increased with the flow blockage, and as the submergence ratio increased, the scour depth decreased. For case 2, as the flow blockage increased or the obstruction ratio decreased, the deposition rate within and behind the patch decreased.
Introduction
Both riparian and aquatic vegetation in natural channels controls the mean and turbulent flow, and then affects sediment transport. In particular, submerged plants or partly-vegetated channels can create shear layers between vegetated and un-vegetated regions, and induce strong vortices (Choi and Kang, 2006) . Furthermore, riparian and aquatic vegetation can considerably affect the suspended load and the bed load. Those encourage accumulation of sediment within the vegetated regions by reducing bed shear stress. Vegetation on the bank and floodplain can reduce sediment load from bank erosion, increasing the bank strength and the plant root as well as reducing the flow velocity (Millar, 2000) .
For the first time, Bennett et al. (2002) conducted laboratory experiment using semi-circular model patches for the purpose of creating a degraded straight channel to meandering channel. The emergent model patches were alternatively placed in the straight channel to alter the flow patterns and they measured surface flow velocities by means of particle image velocimetry (PIV). The study described that the flow velocities are significantly accelerated opposite the model patches, and the magnitude of them is controlled by the model patch density. Leu et al. (2008) investigated effects of cutting riparian vegetation on hydrodynamic behaviors by means of a depth-averaged numerical model to propose a cutting method for reducing the risk of flooding during the growing season. Five cutting scenarios, i.e., the original, cutting along the main channel side, cutting the bank side, alternative cutting and reducing vegetation density, were tested and they suggested that the cutting along the main channel was the most effective scenario for flood controls. Zong and Nepf (2012) described the turbulent wake behind a finite model patch, which consisted of emergent circular array of cylinders and placed at the mid-channel. A von-Karman vortex was formed behind the circular patch due to the interaction of shear layers, and the vortex street was weakened as the solid volume fraction of the model patch became lower.
The altered flow direction and pattern by a finite patch can considerably influence sediment transport and bed morphology, so that an understanding of how partially grown or planted vegetation in the streams or rivers influences erosion and deposition patterns is strongly required. Bennett et al. (2008) performed the experiment and numerical simulations to investigate channel responses due to finite patches, which consisted of emergent and circular cylinders, in the straight compound channel based on the experiments conducted by Bennett et al. (2002) . They showed that the channel change was significantly affected by vegetation density due to the magnitude of bank erosion and local scour pools opposite and near the patches, respectively, and numerical model could be used for long-term bed morphology with finite vegetation. However, they could not measure the bed elevation within the patch due to the limitation of experimental conditions. Bouma et al. (2007) investigated spatial sedimentation patterns within patches in an intertidal flat. They consisted of bamboo cans and two patch densities were tested. Over two-years monitoring in the field, higher sedimentation and erosion were observed in the dense patch, whereas for the low patch, there was no pronounced spatial patterns of erosion and deposition. Even though the flume experiment was also conducted, it was different from the field observation condition since there was the limitation of the flume width which in turn, was filled with bamboo cans over the whole width. For the purpose of stream restoration, Rominger et al. (2010) carried out a field scale experiment in a sand bed stream with meander bends and vegetation was added to point bars at the convex part of the meandering channel. They described that erosion was observed near the lateral edge of vegetation and thus it caused the removal of some added vegetation.
In general, as mentioned in the literature reviews, the patch density is a key parameter for clarifying the sediment erosion and deposition near the patch, whereas there are other un-investigated parameters related to bed morphology with finite patches of vegetation in the streams. Most previous studies investigated the channel response to rigid, emergent vegetation of varying patch density and shape, but no study had considered the submergence ratio, the ratio of the patch width to the channel width and the extent of the patch length. Also, while the most of the previous researches observed and recognized an increase in deposition within the vegetated region, the recent studies had also shown the opposite trend (Bouma et al., 2007; Rominger et al., 2010) . However, to our knowledge, none of the existing studies investigates the amount of sediment erosion and deposition, and the parameters which affect the bed morphological changes within and near the finite patches of vegetation, since there are few detailed measurements of morphological patterns near the patch of vegetation, including within-patches.
The objective of this paper is to investigate the flow field and changes in the bed topography near a finite patch in open channel flows with various configurations of the patch (i.e. varying obstruction ratio, length scale of the patch, model patch densities and submergence ratio). To address these topics, we consider simple finite rectangular patches that consist of circular cylinders of 5mm with staggered array and place at the mid-channel along a side wall as shown in Fig 1. Laboratory experiments are conducted with various configurations of the model patch with two flow conditions, which are below and above the threshold of sediment entrainment since those lead to quite different patterns of bed morphology near the patch. To characterize the flow field, transverse and longitudinal flow velocities are taken at several positions near and downstream of the patch. The changes in bed topography in and around a finite patch are presented and discussed, and thus, the trend of degree on erosion and deposition near the patch is presented.
Experiment set up
Laboratory experiments were carried out in a flume of 8 m long, L, 0.6 m wide, W, and 0.3 m deep with wooden side walls as shown in Fig 1. The flume was filled with a 10 cm layer of sediment of median diameter of 0.9 mm. Water discharge was controlled to be 0.00375 m 3 /s by a manual valve at upstream tank. Initially, a small discharge was drawn to saturate the sand bed in the flume. A plastic mesh screen was installed to minimize effects of turbulence and surface oscillation at the entrance of the upstream channel. Two hydraulic cases were considered with below and above the threshold of sediment motion. In case 1, bed shear stress upstream of the patch was lower than critical bed shear stress, τ *c = 0.034, obtained using Iwagaki's formula, and thus the bed did not change upstream of the patch during experiments. In this case, channel slope was set to 1/500 and the duration of experiments was 5hours. On contrast, in case 2, the bed shear stress was above the threshold of sediment motion with channel slope of 1/200. The sediment was supplied regularly at upstream end during the experiments. The amount of sediment was estimated using the empirical bedload formula (e.g. Meyer-Peter Muller, 1948) under without-patch. In this condition, experiments were maintained for 2hours. The erosion near the patch is similar to that of cylinder groups and there are many experimental studies on scour around circular cylinders. For flows above the threshold of sediment motion, the scour was developed rapidly whereas for flows below threshold of sediment, it took much longer time to reach equilibrium in which the scour depth was 90 % of equilibrium state after 5 hours. Thus, experiments of Case 2 are carried out for relatively shorter time than that of Case 1. The experimental conditions are summarized in Table 1 . 
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Rectangular patches were constructed with circular aluminum cylinders of 5 mm diameter, which are emergent or submerged with a staggered array. The patches were located at the mid-channel, 3.5 m from upstream of the channel entrance as shown in Fig 1a. The patch density was described by the following two parameters: the patch density, λ ( m -1 ) that is a frontal area per unit volume, the solid volume fraction, ϕ . In this study, three patch densities (ϕ = 0.013, 0.021 and 0.047 for the emergent patch) were tested, which were corresponding to 0.04, 0.03 and 0.02 m of cylinder spacing, respectively. The densities were chosen based on previous studies of Zong and Nepf (2011) To investigate flow fields, velocities were measured using a two dimensional electromagnetic current meter. The probe was mounted above the flume and it was able to be moved along and across the flume. At each point, the averaged velocities were recorded for 30 sec. Under the fixed bed, longitudinal velocity profiles of v were measured along the lateral edge of the patch from x = 3.0 m, upstream of the patch to x = 6.0 m, downstream of the patch. Transverse profile surveys were made at several points near and behind the patch. In addition, no velocity was measured within the patch because the patch was covered with a wooden board to fix cylinders, and for submerged condition, the velocity was not measured since cylinders could not be fixed on the bed. On the other hand, under the movable bed, it was difficult to measure velocities due to fact that the probe is able to influence the bed deformation in shallow flows. Thus, we only measured velocities at few points behind the patch to estimate flow rate through the patch. All velocity measurements were made at mid-depth in the vertical direction.
The bed surface was surveyed using the laser bed profiler, which is mounted on the flume. After each experiment, the flow was stopped and then the water was drained slowly. The bed elevation was measured every 10 cm and 0.4 cm in longitudinal and transverse directions, respectively, except the region of the patch and close to the patch where the measurement was done every 2 cm (3 m to 4.5 m from upstream). The change in bed topography was found from differences between before and after bed elevations. (Fig 4b) . The flow velocity of u in the Region (b) and (c), increases with increasing the flow blockage. On the other hand, in the Region (e), longitudinal velocity is considerably decelerated, compared to the Region (c) in Fig 4c, for which the longitudinal velocity decreases as the patch density increases. In fact, the flow is not able to penetrate a solid obstruction with same width, so that the flow velocity becomes greater near the obstruction and it has negative value behind the solid obstruction due to a recirculation zone such as spur dikes (Koken and Constantinescu, 2008) . In Fig 5d, the bed elevation is shown for the high blockage (λW v = 2.58, ϕ = 0.034) under the submerged condition. From comparing with the emergent one, the spatial patterns of bed morphology are similar, but the magnitude of erosion in the Region (b) and (c) is lower for the submerged case because the flow rate passing through the Region (d) is higher than the flow rate in the emergent case. In other words, in the submerged case, the flow acceleration decreases in the Region (b) and (c), even though the number of cylinders of the submerged patch is identical to that of the emergent patch. This implies that as the submergence ratio increases, the diversion of flow decreases because the patch density or the flow blockage decreases. Thus, the bed shear stress decreases in the in the Region (b) and (c), reducing the velocity and the turbulence intensity. Then, the scour depth decreases until the end of the patch except for the high blockage (λW v = 2.38, ϕ = 0.047) in which the scour depth is sharply reduced. Local scours observed in the experiments take place inside the patch, unlike a solid obstruction that the scour occurs at the front of solid one and the scour area is extended upstream of it. This is attributed to several mechanisms, mainly causing the diversion of flow, the horseshoe vortices and the turbulence. Firstly, the diversion of flow occurred near the leading edge, in which the patch of the higher blockage had higher diversion of flow, which is responsible for carrying more sediment away from the area near the leading edge of the patch. Secondly, this phenomenon is similar to scour patterns observed around pile groups in the laboratory experiments or the field (Rominger and Nepf, 2010). Several experimental series were conducted to investigate the scouring system around pile groups (Ataie-Ashtiani and Beheshti, 2006). They showed as the cylinder spacing is large enough, the scouring patterns are similar to an isolated cylinder. However, as long as the flow structure from the cylinders interfered from the other cylinders longitudinally or laterally, turbulence intensity is increased with decreasing cylinder spacing. Also, for small cylinder spacing, the size of the horseshoe vortices close to the cylinders increases and an enhanced local flow is induced between two neighboring I_483 cylinders (Ataie-Ashtiani and Beheshti 2006). The scouring depth is strongly affected by such flow structures. Bouma et al. (2007) observed similar bed morphological changes in the field. They found the high within-patch eroded region near the leading edge of dense patch, which was placed on sand bed in the intertidal flat. Similarly, the scouring began near the front of the patch and it continued inside the patch. Then, deposition occurred just behind the scoured area. For the patch with submerged cylinders, λW v = 1.2, ϕ = 0.015, in Fig 6c, the local erosion observed near the leading edge of the patch (dash dot line) becomes lower than that scoured under emergent condition (λW v = 1.62, solid line). This may be because the size of horseshoe vortices decreases and the vortex shedding becomes weaker as the submergence ratio increases. The diversion of flow also decreases with decreasing the flow blockage. Indeed, the flow through submerged cylinders is very complex because spanwise rollers and vortices are generated at the top of the cylinders, producing an inflection of the streamwise velocity. The coherent structures play an important role for mass and momentum exchange between two regions and those affect the sediment transport. However, the local scouring does not seem to be influenced by such complex vortex structures because the scour depth of submerged one is lower than that of emergent one. by cylinder diameter, d, according to the flow blockage for both emergent and submerged conditions. In these figures, linear lines are fit to maximum scour depth of the emergent and submerged data to emphasize difference between them.
Results and discussions
The maximum scour depth in Fig 7a is corresponding to the Region (b). It can be seen that the scour depth increases as the flow blockage increases. For the lower blockage (λW v < 1.0), the scour depth is similar between emergent and submerged cases, whereas it is shown that, for the flow blockage with λW v ≥ 1.0, the scour depth observed in the emergent condition is deeper than that of the submerged condition. The maximum scour depth observed in the Region (b) not only increases with an increase in the flow blockage but also it is significantly influenced by the submergence ratio. Fig 7b shows the maximum local scour depth observed near the leading edge of the Region (d) with respect to the flow blockage for both emergent and submerged conditions. It can be seen that the trend of the local scour depth increases with an increase in the flow blockage in both conditions, whereas the magnitude of local scour is diminished as the submergence ratio increases. As a result, the local scouring occurred near the leading edge increases with increasing the flow blockage, λW v . The fact supports that the relatively stronger flow (i.e. diversion of flow, horseshoe vortices and turbulence) is induced with an increase in the flow blockage. and (e) without the local erosion, although small-scale erosion is observed in the vicinity of cylinders in the Region (d), which is negligible. It is found that, for the higher blockage, sediment is deposited within and near the Region (d), and the local erosion is observed near the leading edge of the Region (d). While the approaching velocity increases, the local scouring is considerably weakened due to the increase in sediment input from the Region (a) in comparison with that shown in section 3.2. Fig 8c and d show that bed change patterns under the submerged condition are similar to that observed in the emergent condition. However, the local scour becomes lower near the leading edge of the Region (d), and sediment deposition within the submerged patch increases since diversion of flow is diminished with a decrease in the flow blockage. For the emergent patch, eddies are generated in the turbulent wakes of individual cylinders, whereas the submerged patch not only forms eddies behind the cylinders but also generates shear layer above the top of the cylinders. It is shown, however, that the shear layer generated near the top of cylinders does not affect sediment transport in our experiments. Nepf (1999) described that the wake turbulence decreases with the increase in the submergence ratio, so that it reflects that the local erosion is weakened near the leading edge and in the Region (d). In other words, deposition becomes higher in and near the Region (d) as the submergence ratio becomes larger. It is found in Fig 8 that the distinct region is formed in the Region (e), where sediment transport does not take place as a result of the reduction of bed shear stress due to additional patch drag. It indicates that the von Karman vortices or recirculation zone are not formed by the patch and it continues to the end of the measured position (x = 6.0 m). As seen in Fig 4, the velocity is distinctly recovered without disturbance and the transverse velocity along the edge of the patch is uniform downstream of the patch, which supports that there are no recirculation and vortices behind the patch. In addition, Nicolle and Eames (2011) presented that those occur when the solid volume fraction is larger than 0.15, whereas we considered it smaller than 0.05. 
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determined by scaling as explained in section 3.1. Sediment deposition begins upstream of the patch with distance about that slightly larger than the upstream adjustment region (= W v ). From the leading edge of the patch (x = 3.25 m), scour begins sharply over a finite distance toward downstream, and it becomes more pronounced with the increases in the flow blockage, after which deposition occurs within or behind the patch. It can be seen in Fig 9 that for λW v > 1 .0, the scoured area is observed within the range of the interior adjustment regions and scouring depth increases with the increase in the flow blockage . In particular, for λW v = 1.62, the erosions are found over the entire length of the patch and then sediment is deposited directly behind the patch. In Fig 9d, even though the length of the patch is two times larger than that shown in Fig 9b, it does not influence the bed morphological changes inside the patch, which are consistent with each other. This result implies that the length scale has negligible effects if the patch length is longer than the interior adjustment region. For λW v < 1.0 (the lowest blockage), the local scour becomes less pronounced near the leading edge of the patch, although the interior adjustment region is beyond the patch. This is attributed to the fact that the effect of diverging flow is considerably reduced as the flow blockage decreases. For these patches of λW v > 1.0, the interior adjustment region is in a good agreement with scoured areas within the patch, which indicates that the erosion within the patch takes place throughout the interior adjustment region, after which sediment is deposited just behind that region. The interior adjustment region indicates that the flow deceleration, which begins from upstream of the patch in response to flow resistance by the patch drag, continues to the end of diversion of flow, after which the flow is fully developed with the low velocity if the patch length is long enough. On the other hand, Zong and Nepf (2011) showed that the turbulence increases rapidly from the leading edge of the patch, which is associated with cylinder-wakes, and the turbulence levels increase as the patch density increases, even though the flow velocity is reduced continuously along the streamwise direction. The elevated levels of turbulence are reflected in the increase in the scouring depth near the leading edge of the patch, and sediment scoured within the patch is accumulated just behind the region or is diverted away from the region. Thus, the scoured bed within the patch supports high bottom shear stress region caused by elevated turbulence levels in comparison with non-vegetated channel at the same flow condition. Zong and Nepf (2011) observed the reduced deposition in the region due to elevated turbulence. From above discussion, we found that the upstream and interior adjustment regions are able to describe important characteristics of bed morphological changes within and near the patch. In Fig 9f, the laterally-averaged longitudinal bed profile is depicted for the submerged condition (W v = 1.2, ϕ = 0.021). Overall, the bed morphological changes of the submerged data are similar to that of the emergent data (Fig 9e) . The bed is eroded from the leading edge of patch and it continues to the end of the patch. However, the scoured bed within the patch is less pronounced in comparison with emergent data in Fig 9e due to diminished turbulence levels with an increase in the submergence ratio. For the submerged condition, we could not indicate the interior adjustment region because this scaling is only available for emergent patches.
3.3.3 Scour in response to the patch Fig 10 shows the maximum scour depth versus the flow blockage for both emergent and submerged conditions. It can be seen that the maximum scour observed in the Region (b) increases with an increase in the flow blockage regardless emergent or submerged condition. This is a similar trend to the result in which the flow condition is below the threshold of sediment motion in the section 3.2, which indicates that the scour depth increases almost linearly with the flow blockage, but it seems to be not uniform. This is attributed to fact that the scour depth is changed due to the transition stage of sediment transport. Indeed, for the flow above the critical value of sediment motion, the scour depth fluctuates with time due to the migrations of bedforms such as bars or dunes (Ballio et al., 2010) . In our experiments, we observed that the formation of alternating bar patterns is formed and migrated from the Region (a) in Fig 8. This seems to be the reason why the trend in Fig 10 is not uniform as the bars pass through the Region (b) and (c). 
Deposition in response to the patch
In the experimental data with the flow which exceeds critical value of sediment threshold, sediment deposition is observed in the Region (d) and (e). Fig 11 shows the ratio of depositional volume to input sediment volume according to the ratio of the flow rate through the Region (d), Q v to the total flow rate, Q. The amount of deposition is only considered within and behind the patch, whereas the sediment deposited along the lateral edge and downstream of the Region (d) is excluded. The ratio of deposition increases almost linearly with the increase in the ratio of the flow rate through the Region (d) regardless of emergent / submerged conditions within present hydraulic conditions. It is shown that for the same flow condition, the higher patch densities experience much smaller sediment accumulation than those of the low patch densities in the Region (d) and (e). As the flow rate through the Region (d) increases (i.e. the flow velocity increases behind the patch as shown in Fig 4) , the diversion of flow from the Region (d) decreases. Therefore, as the patch density becomes denser, sediment is not transported into the Region (d) of downstream and the greater sediment volumes are carried away from the Region (d) since the more flow rate is diverted away from the Region (d). It is found that a similar trend appears in that of the submerged condition and thus, the ratio of the flow rate through the patch versus the total flow rate can be a good predictor for sediment deposition volume in the Region (d) and (e) as the flow condition exceeds the threshold of sediment motion. Fig 12 shows the ratio of deposition volume to input sediment volume according to the flow blockage. In this figure, the observed data of emergent ones are presented together with those of submerged ones. The experimental data are regressed for each obstruction ratio using power law and these are drawn on the data to distinguish between them. It can be seen that the ratio of deposition in the Region (d) and (e) is clearly a function of the flow blockage regardless of submergence ratio. The flow blockage is strongly associated with the diversion of flow, so that the diversion of flow becomes higher as the flow blockage increases, which is reflected in much more loss of sediment volume from the leading edge of the Region (d). Thus, the sediment possible to go into the Region (d), after which it is accumulated in the Region (d) or (e), is diminished. It is found that the obstruction ratio shows a much greater influence on the ratio of deposition volume than the length scale of the patch. The length scale of the patch shows negligible effects in both emergent and submerged conditions as shown in Fig 12. 
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Conclusions
The bed morphological changes in response to a finite patch consisting of the emergent and submerged cylinders in open channel were investigated using laboratory experiments. Two hydraulic conditions, which were below and above the threshold of sediment motion, were tested with various configurations of the patch as well as the submergence ratio. The finite patch in open channel flows altered flow patterns, which significantly reduced the mean velocities in and behind the patch and caused the diversion of flow from the patch, depending on the patch density. The bed morphological changes near the finite patch were highly influenced by altered flows.
When the bed shear stress was below the threshold of motion (Case 1), the erosion was primarily observed not only opposite the patch due to the acceleration of flow but also near the leading edge of the patch because of elevated turbulence and the diversion of flow. We found that the scour depth observed both opposite the patch and near the leading edge was strongly dependent on the flow blockage, i.e., the product of obstruction ratio and the patch density. The submergence ratio affected the magnitude of erosion at both regions, which was reduced as the submergence ratio increased since the turbulence levels and diversion of flow were weakened. The degree of the scouring depth increased with the flow blockage.
For Case 2, in which the bed shear stress exceeded the critical values of sediment motion, unlike the case 1, the sediment deposition as well as the erosion was observed near the finite patch in the open channel flows. While the trend of erosion was similar to that of case 1, the difference between the emergent and submerged patch was not evident. The sediment deposition began upstream of the patch, and local erosion occurred from the leading edge of the patch to downstream, after which deposition was observed just beyond the scoured region that was consistent with the interior adjustment region. It was found that sediment deposition near the finite patch was strongly influenced by the flow blockage, so that as the patch density increased, the deposition rate became lower since higher patch densities led to higher diversion of flow, and thus it carried away much more sediment loading from the patch. Also, greater influences on deposition near the patch were the obstruction ratio and the ratio of flow rate through the patch, whereas the length scale of the patch had a negligible effect on sediment deposition.
